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John Clarke, one of the UK's most distinguished combustion scientists of the twentieth century, was born and brought up in Warwickshire. His father, Frederick, was also a Warwickshire man, born in 1886. He was apprenticed to the Alfred Herbert Machine Tool Company and, during World War I, served as an Armourer Staff Sergeant in France. Subsequently he had a variety of posts in the Midlands motor and motorcycle industry. For some time he and his brother-in-law ran their own company building bicycles and motorcycles. The engines for the latter were sourced from another manufacturer; they proved to be unreliable and the company failed in the late 1920s. Subsequently he became Works Engineer at the Brice Piston Ring Co. in Warwick.
John's mother, Clara (née Nauen), was of German origin, born in Krefeld in 1888. She and her two sisters were educated, in their early teens, at a convent school in The Netherlands. Her family came to England when she was 18 years old so that her father could establish a dye works in Bridgenorth, Shropshire. The family moved to Coventry before World War I, and she was working as a secretary there when she met John's father. They were married in 1924.
Because his mother had been brought up in the Roman Catholic faith (his father was indifferent to religion), John's first two schools were Roman Catholic primary schools first in Coventry and then Warwick, to where the family had moved. These schools proved to be unsatisfactory and he was quickly removed to a County Council Elementary School in Westgate, a district of Warwick close to home. From there he won a scholarship to Warwick School, where he went as a day boy for the remainder of his school days. He enjoyed most academic subjects and sports. In the School Certificate (the forerunner of GCSEs) he attained the highest award in art. In subsequent years he often wondered why no one had ever suggested that a career in art was worth considering. Many can attest that in later years he was indeed an accomplished artist. His subjects for the Higher School Certificate (today's A-level), taken in 1944, were physics, chemistry and mathematics. Two teachers who influenced him greatly at school were K. Wardle (mathematics) and F. A. Fisher (physics). It was the latter who prevented sixth-form scientists from becoming 'illiterate mechanics' via lessons in music, English literature and English language.
Fleet Air Arm, 1945-49
With a boyhood interest in aeroplanes, John was a member of the newly formed Air Training Corps while at Warwick School, gaining the highest rank of Flight Sergeant. This rank guaranteed entry to nearby Royal Air Force (RAF) airfields with the attendant possibility of gaining a flight in, for example, an Airspeed Oxford or Vickers Wellington. This served to convince him that a career in flying was to be pursued. However, the war in Europe had ended before he was able to enlist, and the RAF was no longer recruiting. But the Royal Navy was, and so he joined the Fleet Air Arm. Initial training as a Navy pilot was on de Havilland Tiger Moths and subsequently the so-called North American Harvard. He gained his 'wings' in 1948. During this initial period he joined the Royal Aeronautical Society as a student member, and sat and passed examinations held by it, enabling him to become a graduate of that institution.
After this initial period of training, actually with the RAF, he was transferred to the then Naval Air Station at Lossiemouth, where training for some was on Seafires; for others, including John, it was on Fairey Fireflys (see figure 1). During this time he realized that his reactions were not quick enough for carrier-borne landings, and he opted to leave the Service; it was his choice. To leave the Navy was a rather protracted business and he spent some time at home on paid leave before working for a few months at the Armstrong Siddeley Motors Gas Turbine Division in Coventry. During this period he continued to fly Tiger Moths with the Coventry Aero Club, on more than one occasion with Eric Franklin, Armstrong Whitworth's chief test pilot, doing blind take-offs and landings. One highlight he recalls was a promise to local cricket-playing friends to carry out a brief display of aerobatics over their game. A loop and barrel-roll were accomplished, but unfortunately, as it transpired, over the wrong cricket match! During this latter period a return to academic training was becoming increasingly attractive with, unsurprisingly, aeronautical engineering a prominent feature, and he was accepted for a first-degree course in Aeronautical Engineering at Queen Mary College, University of London, to begin in October 1949.
Queen mAry College, 1949-55
John always claimed that it was this first-degree course that taught him what the word 'aerodynamics' actually meant. Students on the course at that time considered themselves fortunate in the sense that apart from some lectures that were common to all engineers in the first year, the specialist topics were taught to groups of no more than half a dozen. The lectures on aerodynamics itself were given by N. A. V. Piercy and L. G. Whitehead; other courses included topics such as stresses in solid materials, structures, theory of machines, and thermodynamics. All were given by the lecturers concerned in a manner that made the material easy and even exciting. In his final examinations John was awarded a degree with first-class honours, and the David Allan Low Prize for engineering.
These three years as an undergraduate proved to be life-changing in more ways than one. For a time he lived in student accommodation on Cheyne Walk in Chelsea. Through a mutual friend he met Jean Gentle (see figure 2), a trainee nurse in the Nightingale School at St Thomas's Hospital, which had a nurse's home close to Cheyne Walk. She would eventually become his wife.
After John gained his first degree, the question of what to do next had to be addressed. Piercy was keen on the idea of a PhD, as was John. There were those who, for various reasons, counselled against such an indulgence. However, John's intentions won the day and he started life as a postgraduate student, along with Colin Plane, who had been a fellow undergraduate, in October 1952. His maintenance grant from the Department of Scientific and Industrial Research amounted to £300 a year. Jean, by now a qualified nurse, gave up nursing for a more lucrative job as a Hoover washing machine demonstrator. John and Jean were married in December 1953.
At that time the Aeronautical Engineering Department was shortly to commission a small intermittent-operation wind tunnel designed to run at speeds of up to Mach 2. Piercy was anxious for experimental work on unsteady high-speed flow to be conducted in this facility, and he allocated to Colin Plane 'wings', and to John Clarke 'bodies'. It was usual by that time to mount models consisting of a conical nose attached to a cylindrical body on a forwardfacing 'sting' that penetrated the hollow cylinder and was fixed to it close to the conical nose and carried strain gauges that responded to the forces and moments generated by the airflow over the body. For unsteady flow it was first necessary to modify the system so that an electric motor, via suitable linkages, could make the model pitch about any chosen axis on its centreline. Measurement of forces and moments were again to be made by strain-gauge bridges, but now supplied with alternating current of a frequency exactly equal to the frequency of the model's motion. The complete assembly of the model, and associated measurement facilities, was quite complicated but worked well in practice. Sadly, Piercy died, in post, early in 1953 and did not see the results of this investigation. His students temporarily became the responsibility of Whitehead until Alec Young (FRS 1973) took up his professorial appointment in 1954. Theoretical work complemented the experiments in the derivation of a second-order approximate theory of the compressible flow past oscillating bodies. Engineering students did not receive much in the way of mathematics teaching in those days; this work represents the first phase of John's becoming a self-taught mathematician of considerable ability. His thesis entitled 'An investigation of the forces on a body of revolution in non-steady motion at moderate Mach numbers' was submitted in 1957. An account of the experimental work was subsequently published by the Aeronautical Research Council (3)*.
english eleCtriC CompAny, 1955-57
After his period as a research student, John secured offers of employment from the Royal Aircraft Establishment at Farnborough and the English Electric Company's Guided Weapons Division at Luton. He opted for a position in the aerodynamics section of the latter. At that time the emphasis was on the ballistic missile re-entry problem of flow around a hypersonic vehicle. The combined effects of mass, momentum and energy transfer in the context of chemically active, multi-species, mixtures of gases was something new in vehicle aerodynamics. The structural integrity of the vehicle itself was of concern, because under the intense heat most usable surface materials would either sublime or liquefy. John made a contribution to the understanding of how quickly surface liquid would blow away. But it was perhaps his work on dissociating gases (1) that foreshadowed what would later become the main thrust of his subsequent research. However, in 1957 a government White Paper predicted (incorrectly) the demise of the military aeroplane, and its replacement by guided missiles. This led to redundancy for several members of the aircraft aerodynamics group at the end of the year. As it happens, John's attention had been drawn to a vacant lectureship at the College of Aeronautics, Cranfield, for which he applied successfully.
CrAnField, 1958-91
In January 1958 John left the English Electric Guided Weapons Division to take up the lectureship in the Aerodynamics Department at the College of Aeronautics. The family, augmented during the previous two years by daughters Jenny and Julie, moved to rented accommodation on the campus. They moved to their own home in a neighbouring village a decade or so later. From the outset, as a teacher at this level, John maintained that the material taught should be informed by research. His research, now determined by personal choice, ranged widely, often returning to earlier topics. As a consequence we have chosen to discuss his work thematically, rather than strictly chronologically.
Shock waves
It was well known that, in a high-speed flow, convective steepening of a pressure wave is resisted by the naturally occurring dissipative phenomena associated with heat conduction and viscous actions, which results in the very thin waves of compression known as shock waves. Any chemical reactions in the gas also have the capacity to create irreversible increases in local entropy. At the time it was natural to ask whether reaction-resisted shock waves can exist in the absence of any other dissipative phenomena. The answer was positive for a pure dissociating diatomic gas such as oxygen or nitrogen (6). The character of the velocity and chemical composition profiles through a typical weak shock wave were determined.
The academic year 1961-62 was spent as a Fulbright Scholar at Stanford University hosted by Walter Vincenti. At that time Vincenti and his students were producing a series of papers on the interactions between acoustic waves and thermal radiation in the atmosphere through which they propagated. In view of John's previous work (6) it was natural to investigate the interactions between shock waves and radiation. A consequence was a paper (7) in which it was shown that radiation-resisted shock waves could exist, in the absence of any other dissipative mechanisms. The structure of such shock waves is determined solely from the competing effects of energy transfer by radiation and convective steepening. The work on 'real gas effects' represented by his previous papers (1, 6) and the flow of chemically reacting gases (2) led to a collaboration with Malcolm McChesney and the publication of the first edition of their book on this topic (10) (a revised version was subsequently published (30)).
Although at this time the influence of dissipative phenomena on shock formation was well understood, the influences of energy transfers to and from the internal structures of molecules, so-called 'relaxation' processes, were less well understood. M. J. (later Sir James) Lighthill FRS demonstrated that there were two basic classes of such shock waves (Lighthill 1956 ). The first were very weak fully dispersed shocks in which the whole structure is supplied by a relaxing process competing with nonlinear wave steepening. The second, partly dispersed waves, have a conventional discontinuous shock at their head, followed by a zone in which relaxation plays a major part. Together with Rodgers, a master's degree student, John analysed the structure of plane steady shock waves in a gas with several internal energy modes (11), which relax in parallel, in the absence of transport effects and chemical reactions, so that the number of relaxing modes remains constant. Both fully and partly dispersed waves were treated. It was shown, in particular, that internal-mode energy contents may overshoot their local equilibrium values.
During the 1960s there was considerable interest in the use of shock tubes to determine the thermal conductivity of hot gases and gas mixtures. One experimental design to provide the necessary information was the use of shock waves reflected from the closed end of a simple shock tube. The transient heat-transfer process in the tube could be analysed theoretically to extract appropriate information. John analysed such reflections from a heat-conducting wall (13). The technique employed was an early use of matched asymptotic expansions popularized by Van Dyke (1964) . In this way he was able to incorporate the displacement effects that arise from the existence of a thermal boundary layer on the end wall of the tube and, in addition, the so-called 'accommodation effects' in the restoration of new states of equilibrium in the gas. Satisfactory agreement with the published experimental results of Sturtevant & Slachmuylders (1964) was obtained. Subsequently, with John Busing (14), experimental work on this configuration was taken further at Cranfield. In this work, among others, measured values of accommodation coefficients for air molecules on thin platinum films were lower than expected. A successful modification to take account of heat transfer into a platinum film of finite thickness was performed by Ron Hanson (Hanson 1971 ), a visiting postdoctoral researcher from Stanford.
Shock wave reflections were pursued some years later; in this case the configuration was that of a plane shock wave impinging on a plane boundary, obliquely at a prescribed angle of incidence. For a solid surface, regular reflection takes place; however, interest was now focusing on the situation in which the solid surface is covered by a porous medium. The modelling of the influence of the irregular porous structure is crucial. John invoked Darcy's law (44), in which the motion is governed by a balance between the pressure gradient and viscous forces alone. However, this was later augmented by the introduction of a linearized inertia term (50) . The principal result is that the reflected wave system in the ambient atmosphere consists of an expansion fan centred at the point of intersection of the incident shock with the porous surface, with a reflected shock developing on the last characteristic of the fan, which gradually acquires a strength equal to that of a regularly reflected wave from a solid surface, thus overwhelming the expansion fan. Furthermore, John showed that there is a one-to-one correspondence, in the limit as the angle of incidence of the impinging shock wave approaches zero, between the two-dimensional steady configuration and the one-dimensional unsteady situation. This limiting case was investigated further (51) as a shock wave travelling in a shock tube reflects from a porous plug.
The foregoing discussion of shock waves has been concerned with their behaviour. Subsequently two papers (47, 48) discussed their initiation by thermal rather than mechanical means. With his collaborators, John considered the behaviour of an inert compressible gas confined between planar, parallel walls in an initial equilibrium state. Heat flux at the wall induces a gas motion arising from thermal expansion. In the first of these papers the timescale of the added energy is larger than the mean time between molecular collisions; but in the second it is on a timescale comparable with the mean time. In the first case, weak shocks eventually develop. However, the latter case is of greater interest: there the thermomechanical response of the gas near the boundary is described by the complete Navier-Stokes equations in a layer with the thickness of a few molecular mean free paths. Numerical solutions show how a spatial pressure variation is generated adjacent to the boundary, which then propagates away as an almost steady shock wave. If heat addition is continued, a high-temperature expanding layer develops in which the pressure remains uniform. This in turn acts like a contact surface in a shock tube. The investigation showed in particular the importance of power as a crucial factor in the determination of shock strength.
Although most of John's work on shock waves, as outlined above, involved propagation through a gaseous medium, a paper with Alec Melvin of the Gas Council (64) introduces the shock wave as a seismic source, for hydrocarbon exploration. The main aim of the paper was to examine the gasdynamic principles of the shock-wave source. It also illustrated the behaviour of compressional and shear waves generated by the source in both sedimentary rock and granite.
Gas dynamics and physics
As we have already seen, the mutual interactions between gas flows and chemical reactions were central to much of John's research work. One application for studies of this kind was provided by the strong interest in very-high-speed flight and hypersonic flows, which began in the 1950s and 1960s. This involved, for example, the problem of an object entering the Earth's atmosphere at a sufficiently high speed to cause significant dissociation of air molecules in the layer between the object and its bow shock wave. The British Aerospace HOTOL (Horizontal take-off and landing) project some 30 years later briefly revisited this question, and John, with co-authors Mughal, Poll, Roe and Stollery, contributed an analysis (59, 60) of the resulting forces and moments on the proposed aircraft.
Vehicles for use at hypersonic speeds invariably have blunt noses, to combat effects of aerodynamic heating, but small-disturbance slender-body analysis is applicable to the flow downstream of the nose, and this enabled John to develop purely analytical solutions to several hypersonic reacting flow problems: a dissociating gas flow (4), relaxation effects (5), an application of a Green's function analysis with Cleaver (8), and a review with Cleaver and Lilley (9). A much later review article (19) provided an extensive overview of the small-disturbance approach to reacting flows, which included discussions of the use of bulk viscosities in models of relaxing and reacting gases, and an examination of energy-transfer problems and diffusion flames. He went on to analyse the wave system attached to a slender body in a supersonic relaxing gas stream (31, 33). The use of heat release to modify external flows was briefly fashionable in the late 1960s, and this led him to analyse the supersonic flow past a wedge with a flame sheet at its apex with Foster (16), and the supersonic flow associated with a conical flame sheet with Petty (24).
Subsequently, in an important series of papers (32, 34, 35, 43), John explored the amplification of propagating disturbances as a result of chemical reactions. He derived a remarkable nonlinear differential equation,
in which T is a dimensionless temperature variable and γ is the ratio of specific heats for the gas at constant pressure and constant volume. This equation, which has become known as Clarke's equation, captures both adiabatic and isothermal sound speeds and properly describes both constant-volume and constant-pressure explosion phenomena. It has subsequently been widely used by many other researchers.
A related one-dimensional unsteady flow problem, the propagation of a shock wave into a reactive gas mixture, was studied with Cant (52), first in a linearized analysis, and then an essentially nonlinear differential equation was derived and solved numerically. If the shock wave of the earlier analysis is replaced by an initial compression of the gas in a small region (36), creating a planar pulse, a complex sequence of events is initiated and is found to be strongly dependent on the activation energy of the combustion reaction.
John also wrote another very valuable pair of papers (38, 40). The first explored the propagation of disturbances in an initially uniform cold reactive medium subject to a simple Arrhenius form of one-way reaction in a planar, cylindrical or spherical geometry. Nonlinear convective effects arising with wavelets that travel at adiabatic speeds of sound relative to local convection velocities were considered in the second paper, which derives a single governing equation, a modified version of the nonlinear Burgers equation, containing an algebraic term to account for interaction between the propagating wave and the reacting atmosphere. The significance of chemically frozen adiabatic and isothermal sound speeds is illustrated. Waves travelling at chemically frozen adiabatic speeds of sound are associated with local exponential growth of disturbances, and secondary isothermal waves are governed by a diffusion equation with a known negative diffusion coefficient, and so have a finite time to 'blow up'. The analysis envisages a piston at the left-hand side of a computational domain, set impulsively in motion at time zero. To the right of the piston there is a region of hot chemically inert gas that has been created by the passage of the flame through a mixture that has itself been heated by a shock wave driven by the piston-flame combination. The propagation speed of the flame is sensitive to the local temperature. If the chemical reaction becomes too intense, the Burgers equation, which deals with wave propagation in only one direction, breaks down. Numerical analysis is then required. Computations by Wang (57), during a three-month stay at Cranfield after his doctoral studies at Southampton, predict the presence of an ignition event immediately ahead of the flame. This can be an important step in the sequence of events leading to transition from deflagration to detonation.
John also worked extensively on problems of internal ballistics, often in collaboration with Dr E. F. Toro, who had escaped from Pinochet's Chile. A central feature of their cooperation was the development of numerical methods for the solution of the set of partial differential equations for the propellant gases created by the burning of solid propellant material (53-55). The continuation of this line of enquiry led to papers with Caroline Lowe (65, 68, 69), who was initially a PhD student at Cranfield and stayed on there after submitting her thesis. John went on to propose a theoretical model of condensed phase combustion via a Sabelnikov-type reaction process (70), whose solutions were found to include the possibilities of hang-fire and misfire under plausible circumstances.
Flame theory Diffusion flames
From the mid 1960s John's research on chemical reactions and associated flow problems continued, but with the general direction switched from endothermic or dissociation activities to exothermic, namely combustion, actions. This change was largely at the suggestion of D. Küchemann FRS of the former Royal Aircraft Establishment. His first foray into combustion theory was the area of diffusion flames. The distinguishing feature of a diffusion flame is that the cold reactants are not mixed until they meet and simultaneously react, or burn, within the structure of the flame itself. The fact that mixing relies on interdiffusion of the different chemical reactant species is responsible for the name of the combustion process, which generally lies close to a streamline of any steady-state flow configuration.
In his first investigation (12), two uniform parallel gas streams, oxidant and fuel, interact at the trailing edge of a semi-infinite thin diaphragm. The fuel and oxidant concentrations in these streams were in stoichiometric ratio and the reaction between them was assumed to be one-step and irreversible. Oseen flow (in which convective terms are linearized) was assumed and the Burke-Schumann flame sheet, a planar extension of the diaphragm, was examined.
Inadequacies of this configuration were recognized and, subsequently, the diaphragm separating the fuel and oxidant streams was replaced by a parabolic cylinder with downstreampointing vertex (15). The one-step reaction was retained, but off-stoichiometric mixtures were allowed. A parabolic cylinder coordinate system was adopted, the advantages of which were apparent when it was shown that the resulting streamwise Burke-Schumann flame sheet, originating at the boundary, is itself a parabola. Treating the flame sheet as an outer solution the method of matched asymptotics was adopted in which the inner solution provided information on the flame structure.
The same technique was also used to discuss the Emmons problem, in which a semi-infinite flat plate is placed parallel to an oxidizing stream (20). Gaseous fuel sublimes or vaporizes from the plate to react with the oxidizer in the assumed boundary layer. John replaced the plate with a parabolic cylinder, vertex pointing upstream, and again adopted the Oseen approximation. The Burke-Schumann flame sheet was again parabolic, and the solution close to the leading edge was more realistic for a nose region than the singular behaviour predicted by boundary-layer theory. Together with one of the present authors (N.R.) the Emmons problem was revisited, but in the absence of a free stream (29). The fuel that evaporates from the surface burns in the oxidizing atmosphere where, again, a flame-sheet model was adopted. The heat generated internally within the boundary layer induces a pressure gradient, and concomitant flow, along the boundary. A simple experiment confirmed the results obtained.
The above investigations are all based on the assumption that the chemical kinetics can be represented by the simple irreversible reaction 'fuel plus oxidant yields product'. To proceed further, with hydrogen as fuel and oxygen as oxidant, a scheme of four reversible chemical reactions was chosen, including the influence of the hydroxyl radical, to represent the kinetics of the hydrogen-oxygen flame (18). The physical problem adopted is again that in which the flowing streams of hydrogen and oxygen are separated by a parabola with a downstreampointing vertex. The chemical behaviour is dominated by the size of the equilibrium constant for the dissociation-recombination reaction of hydrogen. When the reciprocal of this is small, the flame sheet again emerges as the dominant outer solution uninfluenced, at leading order, by the more complex chemical kinetics. The structure of the diffusion flame, or inner region, depends on the detailed kinetics of the combustion processes that are assumed. These lead (18) to the so-called equilibrium-broadening of the flame sheet. Subsequently (21) the same problem was addressed except that the hydrogen dissociation reaction was assumed to be so slow that it could be neglected. The analysis led to the so-called reaction-broadening of the flame sheet. Later, with his student Moss, there was a return to the equilibrium-broadened flame (22), at large values of the hydrogen dissociation activation energy, to obtain more accurate asymptotic estimates of the flow structure. After these investigations of the hydrogen-oxygen flame there was a collaboration with scientists at the British Gas Research Laboratories on an experimental investigation of the structure of flat diffusion flames on a Parker-Wolfhard burner (26). Measurements of the hydroxyl radical concentrations showed that the flames are reaction-broadened at sufficiently low temperatures but equilibrium-broadened at higher temperatures. In addition, the variations of this radical concentration with maximum flame temperature are strikingly similar to those predicted theoretically.
Attempts to understand more about the experimental results described above are set out in two papers (23, 27). In the first of these, John, with Moss, examined the structure of a spherical diffusion flame. The combustion process was now presumed to be sustained by five reactions and was created by the radial injection of hydrogen through a 'fuel sphere' into a pure oxygen atmosphere. There was now a single, radial, velocity component for which there was no need for approximation. In addition, the several diffusion coefficients were allowed to vary realistically with temperature. Within the diffusion flame the reaction of the hydroxyl radical with a hydrogen atom may produce either an oxygen atom and hydrogen molecule, or a water molecule that acts as a chain-breaking step. In the second paper John looked at the interaction between a reaction-broadened diffusion flame and a planar acoustic wave, orthogonal to the flame itself, with the direction of propagation parallel to the plane of the flame sheet. When the flame temperature is sufficiently low, the acoustic disturbance is amplified and an expansive disturbance can reduce the flame temperature further, leading to extinction.
Somewhat later, with his student Allison, John returned to the hydrogen-oxygen chemical kinetic scheme, but now incorporating six reactions (39) . The flame forms downstream of a plane partition, and for the flow a boundary-layer model was chosen in preference to the Oseen approximation, allowing variable diffusion coefficients to be included in the analysis. In addition, unlike the previous analyses, the asymptotic model was based on the large energyactivation limit. The resulting flame is of the near-equilibrium reaction-broadened type.
The investigations of diffusion flames, described above, were all for steady-flow conditions. With a visitor, Gil Stegen, John undertook a study of some unsteady motions of a diffusion flame sheet (17). The flame sheet forms, again, downstream from a plane partition and for the unsteady conditions a boundary-layer model linearized about the free stream velocity was adopted. Several examples are given. To mention one: suppose that at the initial point, where the partition ends, the oxidant and fuel mass fractions are time-dependent. It was found that, downstream, the flame-sheet position at any point is that which it would occupy in a flow whose free-stream composition was that of the instantaneous local value. In a much later unsteady configuration (56), analysed with his student Dold, fuel is released into an unconfined oxidant environment. A single one-step exothermic reaction was taken to occur. A cri terion was identified for any diffusion flame to exist after the passage of a deflagration flame.
As we have seen above, it was during the late 1960s that John was developing diffusionflame-structure theories that resulted in equilibrium-broadened or reaction-broadened flames. In one paper (25), which may be seen as expository, he sets out clearly the conservation equations for the chemical species, revealing the two small parameters that give rise to the singular perturbation problems, and their role in the flame-sheet structure. General results are derived for arbitrary flame geometry and a criterion for the retention in a solution of both parameters is established.
Premixed flames
Interest, in general, was moving from diffusion flames to premixed flames by the mid 1970s. John considered (28) the case of a steady plane flame propagating through a mixture of fuel, oxidant, diluent and product species, which burns according to a one-step reversible reaction. The leading terms of asymptotic series were obtained on the basis of the assumed high activation energy of the burning reaction. Mixture strengths, from fuel-lean to fuel-rich situations, were encompassed. It was also found that acoustic disturbances do not suffer the reactioninduced amplification which is found possible in the presence of a diffusion flame (27).
There followed a series of papers with his student McIntosh. The first (37) gives a detailed account of the case in which the premixed flame is adjacent to a porous plug flameholder as used in the laboratory by, for example, Botha & Spalding (1954) . An irreversible one-step reaction was assumed and, again, a theory was developed based on highactivation-energy asymptotics. The flameholder passes fresh reactants into the space to its right, where a flame sheet of intense chemical activity exists. The flameholder receives energy from the hot gas at a rate proportional to the temperature across it with a constant of proportionality known as the conductance of the flameholder. It was shown, in particular, that this conductance has a strong influence on the details of the flame behaviour, and in particular the stand-off distance between the flame and holder. Domains of static stability and instability are identified, which help to explain observations of flame behaviour on a coplanar holder. In another paper (46), various theories that had been put forward to model burner-anchored flames are reviewed and compared. They show, among other things, that for most practical burners the conductance is large and that the flame stand-off distance increases logarithmically with activation energy. The review briefly summarizes the theories and compares them with empirically derived relationships of stand-off distance, flame speed and flame temperature.
Although the above papers relate to steady-state situations, they go on to consider time-dependent cases. John, with McIntosh, considered (41) the response of a plane flame-front to known inputs, in particular to oscillatory inputs in composition and inlet mass flux. It is shown in certain circumstances that there may be a resonant frequency close to which the flame position and temperature oscillations are large. A comprehensive theory of unsteady burner-anchored flames followed (45) . Again an asymptotic theory based on high activation energy is developed, but now to second order. The aim of the investigation is to examine the stability of burner flames. It is shown in particular that heat losses to the burner can be destabilizing.
The above discussion of premixed flames relates to low-speed flames for which diffusion, chemical actions and convection are all necessary for any description of their structure. Changes in the structure of a premixed flame as its speed increases were also examined (42, 49) . With the flame anchored to a burner, it is shown, using high-activation-energy asymptotics, that there is a continuous spectrum of inflow speeds. As the speed increases, the flame moves further downstream from the burner, and diffusion processes become less significant. These combustion waves, now travelling rapidly, exhibit explicit effects of compressibility and are described as deflagrations. The results of these investigations are useful in the discussion of the evolution of detonation waves.
Detonations
The generation of shock waves, by thermal rather than mechanical means, has been discussed above. The work described there was extended by John and his co-workers to include wave generation, again by the addition of heat power through a plane boundary, into a combustible gas mixture (58, 61). As in the comparable cases for an inert gas (47, 48) , numerical solutions of the Navier-Stokes equations were obtained, including now a simple one-step Arrhenius model of the chemical kinetics. With rapid transference of energy to the gas from the plane boundary a shock wave is generated, as for an inert gas. Behind this precursor shock there lies an unsteady induction domain and an initially quasi-steady fast flame. All of these processes interlock in a continuously accelerated sequence that progresses towards a steady state in the shape of a plane Zel'dovich-von Neumann-Doring (ZND) detonation. These numerical solutions of the Navier-Stokes equations required some augmentation of the various coefficients of diffusion. However, it was clear that, once formed, the triplet combination of shock wave, unsteady induction domain and fast flame continued to propagate without assistance from diffusion of any kind. This prompted the investigation, with his student Singh, of an Euler model that was analysed numerically by adoption of the Random Choice Method (RCM) (62). In the absence of diffusion, the whole process was 'switched on' by a strong plane shock wave created by the input of mechanical power from a piston. Unsurprisingly the 'triplet' preceding the ZND detonation was essentially as in the preceding studies. At about the same time, John was participating in investigations of the propagation of unsteady detonation waves in high-energy solids, in other words chemical explosives (63) . For one-dimensional situations the RCM method proved to be adequate.
The investigations outlined above all relate to one-dimensional situations with the formation of planar waves. However, the notion of a one-dimensional detonation wave had already been rendered out of date by experimental studies. One approach to a further understanding had been to examine the stability of planar ZND detonations. However, John, together with his former student N. Nikiforakis, chose to simulate the evolution of other than planar configurations. Retaining the inviscid model, the flow is again governed by the reactive Euler equations. In this case the evolution of the flow was followed from the time that an incident shock reflects from the end wall of a shock tube. A small hot-spot is assumed to exist in one of the corners between the end wall and the walls of the shock tube. The RCM method used to capture the discontinuities in one-dimensional flows was no longer appropriate and was replaced by the so-called Weighted Average Flux method. The method was validated in one paper (66) and used in a subsequent one (67) for an in-depth study of this shock-reflected problem. The complicated sequence of events leads to the appearance of curved ZND waves.
FAmily
A decade or so after John started working at Cranfield, he and Jean lived near Milton Keynes with their daughters. The large and lovely garden was Jean's domain. Julie succinctly describes her father's enthusiasms outside his work as 'fast cars (Lotus, F1), music (female voice, opera, jazz), humour (Goons, puns), books, art, rugby, ice cream, social democracy and education. ' His interest in art was not only as an admirer of other people's work: he was also a talented and prolific painter. Indeed, his artistic ability, already noted, was recognized while he was still at school, and his report from Warwick School for the summer of 1941 includes the prophetic statement 'Art: Very good, he has unusual ability.' He specialized in portraits, and his paintings of Jenny and Julie, completed in the mid 1960s when they were still small, illustrate the remarkable quality of his work (see figures 3 and 4).
French friends describe how, the first time they met him, he seemed to them to be the typical English gentleman, dressed immaculately, and arriving in the Alps in his sports car after enjoying the drive over mountain roads. Ask other people who knew John what they remember of him, and they, too, mention the fast cars, but they also describe an exceptionally warm, friendly and approachable man, who was always generous with help and encouragement for students or colleagues. 
